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ABSTRACT 
C r i t i c a l  c u r r e n t s  i n  Chevrel-phase  lead molybdenum 
sulphide have  been  measured a t  t w o  temperatures  as a 
func t ion  o f  app l ied  magnetic f i e l d  up t o  30 T. Improved 
c r i t i c a l  c u r r e n t  d e n s i t i e s  J,'s were achieved w i t h  e l e c t r o -  
p l a t i n g  and d i f f u s i o n  processed PbMo,S, short-tapes. 
a t  1050 X. We f i n d  a Jc of  -5x103 A/cm2 a t  20 T and 4.2 K, 
Increased Jc values were obtaine? for a short heat-treatment 
and - lx104 A/cm2 a t  20 T and 1.6 K. The dependence o f  Jc 
on g ra in  s i ze  was a l so  measured,  and the c o r r e l a t i o n  
between f l u x  p i n n i n g  f o r c e  and average g r a i n  s i z e  i s  d i s -  
cussed. The c r i t i c a l  c u r r e n t  d e n s i t y  i n  t h e  f i e l d  range o f  
< 27 T was s t rongly  dependent on the gra in  s ize,  and the 
c r i t i c a l  c u r r e n t s  a t  14 T and 4 . 2  K can be scaled by the 
inverse grain s ize.  
INTRODUCTION 
S ince  the  d iscovery  o f  the  ex t remely  h igh  c r i t i ca l  
f i e l d  o f  Chevrel-phase PbMo,S,(PMS) superconducting com- 
pounds, much of the research directed toward the improvement 
o f  a c r i t i c a l  c u r r e n t  d e n s i t y  J, i n  t h i s  t y p e  o f  t h i n  f i l m s ,  
wires,  tapes, and bulk  samples.1-9  For  practical  applica- 
t ions ,   the  most important  requirement i s  t h a t  i t  should 
ca r ry  a l a rge  d i ss ipa t i on - f ree  t ranspor t  cu r ren t  i n  a strong 
f i e l d .  So far ,  the repor ted J, values were not high enough, 
and a l s o  l i t t l e  i s  known o f  t he  me ta l l u rgy  o f  t h i s  compound. 
Very recen t l y ,  h igh  qua l i t y  PMS wires were prepared 
w i t h  powder meta l lurg ica l  technique based  on molybdenum 
or tantalum matrix.lo-llThe Jc values of  these wires are 
r e l a t i v e l y  h i g h  compared with those reported In ear ly,wires!  
Thus appl  icat  Ion of  the PHS mate r ia l s   f o r   ve ry   h lgh  f l e lds  
appears  promising i n  t h e  near fu tu re .  
In  the  present  paper we report on recent improvements 
o f  h igh  f i e ld  p roper t i es  o f  t he  PMS short-tapes prepared by 
e l e c t r o p l a t i n g  and d i f fus ion techniques.  We also present 
c r i t i ca l  cu r ren t  dens i t y  vs  g ra in  s i ze  measurement  on PHS 
materia Is. 
EXPERIMENTAL RESULTS AND DISCUSSION 
The measurement o f  t h e  c r i t i c a l  c u r r e n t  was car r ied  ou t  
i n  16.5 1 superconducting magnet,  and three Hybrid Magnets 
(HM=lT3) at  the High Field Laboratory for  Superconduct ing 
Mater!als(HFLSM) a t  Tohoku Univers i ty .  l 2  
shown i n  Fig.1  as a func t ion  o f  app l ied  magnetic f i e l d  i n  
f i e l d  up t o  27 T ,  and f o r  4.2 and 1.6 K. The a p p l i e d  f i e l d  
d i r e c t i o n  was para l le l  to  tape p lane.  The c r i t e r i o n  f o r  J, 
was 5 .uV/cm. Samples  were prepared by an .e lec t ro -p la t i ng  
and d i f f u s i o n  methods. Reaction times were 4  and 42 hrs, 
and react ion temperature was-1050 X .  l3 
The J,'s o f  these samples are s t rongly  dependent on 
the react ion t ime as shown i n  t h i s  f i g u r e .  The J,'s ( a t  4.2 
a weak f i e l d ,  and i s  about two t imes as large as that for  
K )  f o r  4 h r s  i s  r e l a t i v e l y  h i g h  and reaches t o  lo5 A/cm2 i n  
42 hrs  over  most of the magnetic f i e l d  range. I n  h i g h  f i e l d s  
the  Jc 's  were about lx104 A/cm2 a t  15 1, and about lx103 
A/cm2 a t  27 T .  As thf: temperature  decreased t o  1.6 K, the 
Increased J, values I S  about twrce that at 4.2 K I n  a h lgh  
The J, a t  20 T and 1.6 K i s  r e l a t i v e l y  h i g h  value. 
f i e l d .  The obtained Jc a t   1 .6  K i s   - l x 1 0 4  A/cm2 a t  20 1. 
rhe typ ica l  examples o f  c r l t l c a l  c u r r e n t  d e n s i t i e s  a r e  
Manuscript  received  September 30,  1986 
J,'s i n  our samules show  somewhat rapid decrease as 
the  f ie ld  inc reases .  Ih is  may be  due t o  a d i f f e rence  in  the  
upper c r i t i c a l  f i e l d  B,, o f  each grain, because the T;s 
of the present PMS samples  were s l i g h t l y  broad as shown i n  
re fe tyce r131 .  
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APPLIED FIELD B (  T) 
F i g . 1  C r i t i c a l  c u r r e n t  d e n s i t y  J, versus appl ied 
magnetic f i e l d  B f o r  two PHS tapes a t  4.2 
and 1.6 K. The f i e l d  d i r e c t i o n  i s  p a r a l l e l  t o  
the tape plane. 
c5 id!, , , , , , , , , I , , , , 
APPLIED FIELD B ( T )  
Fi11.2 P inn ing force densi ty  as a func t i on  o f  app l i ed  
f i e l d  f o r  PHS reacted at  d i f ferent  temperatures 
( 4  o r  42 hrs). 
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Fig.3 Pinning force densi ty at  4.2 K as a func t i on  o f  
app l i ed  f i e ld .  F i ve  cu rves  a re  fo r  PHS tapes reacted 
f o r  4-70 h r s  a t  1050 E. 
The var ia t ion  o f  p inn ing  fo rce  dens i ty ,  F,-J,x B, w i t h  
app l ied  magnet ic  f ie ld  i s  shown i n  Fig.2, and 3. Fig.2 shows 
the temperature dependence o f  the  p inn ing  fo rce  dens i t ies  
f o r  two PHS tapes.  Note t h a t  F,'s subs tan t ia l l y  inc rease 
as  the  temperature  decreases. I n  f i g u r e  3, f i v e  curves are 
for  tapes reacted for  4-70  hrs.  Note  that F, continues t o  
increase as the  reac t  ion  t ime decreases, and  become  maximum 
a t  about 5 T or thereabouts. Figure 1 shows the normalized 
p inn ing force densi ty  F,(B)/F,(15 TI. These values are 
essen t ia l l y  t he  same f o r  a l  I samples reac ted  fo r  var ious  
periods. The on ly  d i f f e rence  between the samples i s  t h e  
magnitude of the p inn ing force densi ty .  The resu l t  i nd i ca tes  
t h a t  t h e  f l u x  p i n n i n g  mechanism i s  t h e  same i n  a l l  samples 
shown i n  Fig.4. 
As a r e s u l t   o f  i n v e s t i g a t i n g  some F da ta  in PHS 
tapes, i t  was not  cons is tent  wi th  a major  fe5ture of  Kramer 
eQuat ion , l4 i .e . ,  tha t  the  p inn ing  fo rce  maximum i s  b(B/BCZ)=  
0.2 and moves t o  lower value of  b as the p inn ing force in- 
creases. Jhe measured T, value suggest t ha t  t he  &,,for these 
samples could be above 40 T. Consequently the F, maximum 
i s  seen t o  f a l l  a t  b S O . 1  f o r  a l l  samples shown in  F ig .4 .  
This  may be due t o  inhomogeneit ies in these mater ia ls.  
I n  some SamPles, however, we observed the large b value of  
APPLIED FIELD B (   T )  
Fig.4 Normal ized pinning force densi ty F,(B)/F,(15 TI 
v s  a p p l i e d  f i e l d  B fo r  severa l  PHS samples. 
about 0 . 2 . 1 5  Unfor tunate ly ,  ,h igh c lca l i ty  samples w i th  l a rge  
b value can not be reproducibly prepared with the Present 
techniques.  For a  more deta i led compar ison wi th  f lux p inn ing 
theor ies,  homogeneous samples and data on B, and-J, as a 
func t ion  of temperature and f i e l d  a r e  nccessary. 
o f  the  most e f fec t i ve  f l ux -p inn ing  cen le r  t o  achieve high 
c r i t i c a l   c u r r e n t   d e n s i t y .  We invest igated  the  inf luence  on 
t h e  g r a i n  s i z e  t o  Jc in olur PHS tapes 
SEH observations were made on the fractured sect ion of  
tapes  etched  for  1-10 sec i n  - 5  X HNOJ 95 % water.  Fig.7 
shows SEH photographs o f  etched cross section of PHS reacted 
a t  1050 "c f o r  '1 Gr 70 h r s  : (a) ,  ( h )  reacted for  1 hr ,  and 
(c) ,  ( d l  f o r  70 h r  : (a) ,  ( c i  near  center, and ( b ) ,  (d) near 
surface in the f ractured cross-sect ion.  
A f i n e l y  d i v i d e d  s t r u c t u r e  i s  seen in  F ig .S (a )  and ( b ) .  
The g r a i n  s i r e  i s  ahaut 0 . 2  t o  1,um. The pores (black areas] 
p a r t i a l l y  r e s u l t i n g  from The chemical  elching i n  n i t r i c  a c i d  
are  surrounded by PHS compound.  The material  etched i n  
n i t r i c  a c i d  may he  lead  educed on coo l i ng  a f te r  t he  reac t i on  
a t  1050 "C. On the other  hand, we can see a ! a r g e  g r a i n  i n  
F ig .5 (c ) .  and  somewhat sma l l   g ra in   i n   F ig .5 (d ) .   I n  a long 
react ion t ime,  the gra in  genera l ly  grew to.be near ly  1 t o  
10 ,urn i n   s i z e .  
I n  a l l  suDerconducting compounds, g r a i n  boundary i s  one 
(a)  near  center [4 hrs] ( b )  near  surface 
Fig.5 SLH photographs o f  etched cross section of PHs 
tapes : (a) ,  (b) reacted for  4 hr ,  and (c) ,  (d)  
reacted for 70 h r .  l he  sca le  on these  photographs 
i s  i n  micrometers. 
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Fig.6 Grain s ize as  a func t ion  o f  reac t ion  t ime a t  1050 "c 
f o r  PHS samples. The s o l i d  c u r v e  i s  f o r  t h e  near 
sur face in  the f ractured sect ion,  and the dashed 
one fo r  t he  near center. 
The gra in  s ize  as  a func t i on  o f  react ion t ime over a 
range  from 4 t o  70 h r s  i s  shown i n  Fig.6. The s o l i d  c u m e  i s  
fo r  t he  near  surface in  the f ractured cross-sect ion.  The 
dashed l i n e  i s  f o r  t h e  near  center. The g r a i n  s i z e  a t  a 
given  temperature(- l050T)  remarkably  increased  in  the  near 
center  w i th  reac t ion  t ime.  .This observation would appear t o  
expla in  the J, - B resul t  which the J,'s  how somewhat rap id 
decrease  as  the f ie ld  inc reases(see F ig .1 ) .  
The dependence o f  c r i t i c a l  c u r r e n t  d e n s i t y  on inverse 
of  average gra in  s ize G-l i s  shownlin.Fig.7. The J c ' s  a t  
14 T va ry  rough ly  l i nea r l y  w i th  G- , 1.e. It  can be scaled 
by the average grain size. The resul t  suggests  that  the 
g r a i n  boundary i s  t h e  most effect ive pinning-center in-PHS 
as we1 I as most of other  superconducting compounds. A t  
present our smallest average grain size was about 0.5 ,urn 
Jc above IO4 A/Cm2 a t  30 T, the  fu r ther  reduc t ion  o f  g ra in  
or  thereabouts. I f  we regu i rea  s ign i f i can t improvement  o f  
s i ze  (<0.1 ,urn) should be achleved without the reduct lon 
i n  i t s  c r i t i c a l  temperature. 
INVERSE AVERAGE-GRAIN-SIZE G-' (,UL(I-') 
CONCLUSION -____ 
J,'s o f  PbHo,S,short tapes have  been  measured as  a 
func t ion  o f  app l ied  magnetic f i e l d  up t o  30 T a t  4.2 K and 
1.6 K. Improved J, values were obtaincd for a short heat- 
t reatment at  1050 X .  Jc 's  a t  20 1 were -5x103 A h Z  a t  
4 . 2  K, and--lx104 A/cm2 a t  1.6 K. The Jc 's a t  14 1 vary 
roughly I inear ly  w i th  the  inverse  o f  average gra in  s ize .  
Optimal reac t ion   cond i t ions  improved J,'s i n  low f i e l d s .  
J,'s i n  high f i e l d s  above 20 T, however, a re  sti I I insuf -  
f i c i e n t  f o r  p r a c t i c a l  a p p l i c a t i o n .  We note that  much work 
has s t i l l  t o  be done in  o rde r  to  e luc ida te  the  f l ux  p inn ing  
mechanism i n  t h i s  compound. 
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